Introduction
The formation and breakup of drops from the tip of a capillary is of great importance in many applications such as ink-jet printing [1] , spraying, and food processing [2] . Moreover, they are of great scientific interest due to the richness of the underlying physics. The process is determined by the interplay of gravitational force, inertial force, viscous force, and surface tension force. When the flow rate in the capillary is small, the breakup of drops at the tip is in a dripping regime. When the flow rate is sufficiently large, dripping gives way to jetting [3] , during which drops break up at the ends of long columns of liquid far downstream of the capillary tip [4] . In the dripping regime, the process of formation and breakup includes two main stages [5, 6] . In the first stage, the pendant drop slowly grows in size, and the pendant drop is quasi-steady at every instant. The inertial force is negligible, and the flow is dominated by the surface tension force and the gravitational force. The shape distinctive flow phenomena, and may trigger novel applications in chemical engineering, food processing industry, and pharmaceutical industry. For example, the capillary can be used as a tool to transfer or deliver individual compound drops by hanging the compound pendant drops at the capillary tip with the inner fluid being intact. The outer phase of the compound pendant drops can serve as vials for reactions or syntheses in the inner fluid, in which the processes of reactions or syntheses can be controlled individually and accurately. The outer phase can also be used as a protective layer for the inner phase, such as in food additives, drugs, or personal care products. If the inner phase is volatile and/or harmful to the environment, the outer phase can also minimize the mass transfer from the inner phase to the surrounding fluid.
For the formation of a simple or compound pendant drop at the tip of a capillary, the small size of the pendant drop produces a large Laplace pressure. During the formation and breakup, the simple or compound pendant drop causes large variation of Laplace pressure, and consequently, upstream velocity fluctuation. The variation of fluid velocity upstream can be welcome or unwelcome, depending on the application. A stable flow is required in applications such as detection in capillaries or microchannels. In order to get accurate results, the time for the samples to pass through the detection zone in capillaries or microchannels should be controlled in an accurate manner [27, 28] . For reaction applications, the reaction time is a key factor that affects the products and should be accurately controlled [29] . Therefore, fluctuation of velocity should be avoided in these applications. On the contrary, velocity variation is preferred in some other applications, such as in micromixing [30] [31] [32] . The perturbation of velocity oscillation can enhance the mixing process by twisting the trajectory of the fluid particles and by stretching and folding the fluid elements [33, 34] . van Steijn et al. [35] studied the velocity fluctuation of gas-liquid segmented flow in a microchannel, and they found that the velocity variation could be up to 30% of the mean velocity with a periodicity equivalent to the drop production process. Beer et al. [36] confirmed this effect for liquid-liquid phase aqueous drop production in oil. However, to the best of our knowledge, the velocity fluctuation produced by formation and breakup of simple and compound pendant drops has not been studied.
In this study, we investigated the formation and breakup process of CPDs at a vertical tip of a capillary and its effect on upstream velocity fluctuation. This paper is organized as follows. Firstly, experimental details including the experimental setup, the properties of the fluids, and the flow visualization method are described in Section 2. Then, the experimental results are provided and analyzed in Section 3.
The stages of formation and breakup of CPDs are analyzed from sequences of images. The velocity fluctuation caused by the formation and breakup of CPDs is studied, and the effect of surfactant is investigated.
Experimental

Formation of compound pendant drops
The experimental setup is shown schematically in Fig. 1a . To form CPDs at the tip of a capillary, air-plug/water-slug flow is generated using a horizontal flow focusing geometry in a poly-methylmethacrylate (PMMA) channel [37, 38] . A glass capillary is connected to the outlet of the microchannel perpendicularly to the PMMA channel and positioned downwards. The air plugs and the water slugs flow in the horizontal PMMA flow channel (Fig. 1b) , subsequently flow into the glass capillary, and finally leave the capillary in a form of CPDs at the tip of the capillary (Fig. 1c) .
The flow focusing geometry (Fig. 1b) To avoid the breakup of bubbles at the connecting point between the PMMA microchannel and the glass capillary, a step structure was fabricated on the PMMA microchannel, as shown in Fig. 1d . The step structure is of a circular shape with the inner/outer diameters being the same as the inner/outer diameters of the glass capillary, which facilitates the alignment between the microchannel and the glass capillary, and ensures a smooth fluid flow to the glass capillary. Epoxy was applied at the corner to permanently connect the PMMA channel and the glass capillary. An image of the microchannel with the capillary tip being connected is shown in Fig. 1e .
To form air plugs in the PMMA microchannel, air was used as the dispersed phase and was introduced by a constant pressure through a water column of 14 cm. DI water with/without surfactant sodium dodecyl sulfate (SDS) (Sigma-Aldrich L4509, USA) was used as the continuous phase, and was introduced by a syringe pump (KD scientific, USA). The properties of air, DI water, and the SDS solution (2% by weight) are listed in Table 1 . The surface tension of the SDS solution was measured using the pendant drop method by an FTA 200 system (First Ten Ångstroms, USA).
Image acquisition and processing
The flow in the glass capillary was recorded by a CCD camera (PULNiX TM-6701AN, USA). The frame rate of the CCD camera was 30 frames per second (fps) during the experiment. A lens with a focal length of 16 mm (TAMRON, Japan) was mounted on the CCD. A white plate was used to provide a clear background for the CCD image. We used a halogen lamp and shined the light on the background to provide the illumination for the image acquisition. To get the details of the formation and breakup of the gas-liquid CPDs at the outlet of the capillary, we used a macro lens with magnification of 0.3 to 1 (Computar, USA). (1) where t k and t k+1 are the time for the two successive frames, ∆x i is the displacement of the fronts/rears of the air plugs between the two successive frames, N is the number of fronts and rears of the air plugs in the observing window.
Results and discussion
Formation and breakup of CPDs for air/water system
The formation and breakup of CPDs at the tip of a vertical capillary shares some common features with that of simple pendant drops. However, due to the presence of the gas bubbles, the formation and breakup of CPDs is more complex, and it has many distinctive features different from the simple pendant drops. To study the 
Initialization of a small compound pendant drop
After the breakup of the previous CPD, a small liquid pendant drop is left at the tip of the glass capillary. Due to the small size of the liquid pendant drop, the gravitational force is negligible. Hence, the pendant drop is almost spherical, as shown in Fig. 3a . As the first air bubble flows into the pendant drop, it experiences a scenario that part of the bubble is in the capillary and the rest is in the pendant drop. This is shown in Fig. 3b -h, while the schematic illustration is shown in Fig.   3j . The part in the pendant drop is almost spherical due to the small size of the bubble. As the whole air plug enters into the pendant drop, it relaxes from plug shape to spherical shape due to the effect of surface tension, as shown in Fig. 3i .
This step marks the end of Stage I and the beginning of Stage II.
Accumulation of liquid in the compound pendant drop
After an air bubble relaxes to a spherical shape from Stage I in the CPD, the flow of water into the CPD is affected by the presence of the air bubble. Due to gravity, water is accumulated at the bottom, while the air bubble remains at the top of the CPD, as shown in Fig. 4a . The air bubble partially blocks the outlet of the capillary.
After flowing out of the capillary, water flows to the bottom of the CPD through the thin liquid film on the side of the bubble, as shown in the image sequence in Fig.   4a -f, while the schematic illustration is shown in Fig. 4g . It was observed that the bubble on the axis of the capillary centerline is unstable, as it experiences the pushing force by the water flowing from the capillary. Consequently, the water pushes the bubble off the axis to reduce flow resistance, which causes the CPD to vibrate.
Coalescence of bubble with the subsequent air plug
After a liquid slug flows into the CPD, an air plug flows out of the capillary to coalesce with the bubble in the CPD and Stage III begins, as shown in Fig. 5 . When the air plug leaves the capillary, it coalesces with the existing bubble in the CPD immediately [39] [40] [41] , and forms a larger bubble inside the CPD, as shown in Fig. 5b-e, while the schematic illustration is shown in Fig. 5j . During the coalescence process, the surface area of the bubble is minimized, and surface energy is released.
The extra energy will excite the pendant drop and cause it to vibrate slightly. The vibration of the pendant drop dissipates as time passes.
Breakup of the compound pendant drop
As more water slugs and air plugs enter the CPD alternatively, the accumulation of fluids causes the CPD to grow both in weight and in size. The breakup of the CPD, as shown in Fig. 6 , happens when the gravitational force is sufficiently large that the surface tension force cannot support the weight of the CPD. The neck of the CPD shrinks due to the pulling of the gravitational force, as illustrated in Fig.   6j . Plateau-Rayleigh instability [7] accelerates the breakup of the CPD, and a compound drop is formed, where the air bubble is fully engulfed by the water phase, as shown in Fig. 6i .
After the breakup of the CPD, the remaining liquid at the tip of the capillary recoils to form a new pendant drop of a small size. The stages of initialization, accumulation, coalescence, and breakup repeat as more air plugs and water slugs are introduced to the tip of the capillary.
Formation and breakup of CPDs for air/SDS-solution system
For the air/SDS-solution system, a significant difference from the air/water system is that the bubbles in CPDs do not coalesce. This is because the surfactant SDS reduces the air/water surface tension, and stabilizes the thin liquid film between bubbles by reducing film fluctuations [42] .
Another difference between the air/water system and the air/ SDS-solution system is about the contact line of the liquid on the capillary during the formation and breakup of the CPDs. For the CPDs of the air/water system, the contact line is fixed at the outer circumference of the capillary tip, as shown in Figs. 3-6 . In contrast, for the CPDs of the air/SDS-solution system, the contact line moves with time.
After the breakup of the previous CPD, the contact line of the liquid climbs the capillary. This is because the surfactant increases the wettability of the liquid on the capillary. A simple measurement of contact angles confirmed that by adding SDS into DI water, the contact angle decreases from 61° to 31°. The details to measure the contact angle on glass capillary is provided in Appendix A. With the accumulation of fluids in the CPD, the contact line moves downwards along the capillary until the CPD reaches a critical weight that the surface tension force cannot support, as shown in Fig. 7h . Then the neck of the CPD immediately shrinks off, and forms a compound drop with several bubbles in it, as shown in Fig. 7k .
Due to the movement of the contact line during the growth of the CPD, the bubble in the CPD may ascend to the vicinity of the contact due to the buoyancy, as shown in Fig. 7d-g . Therefore, the shape of the CPD becomes asymmetric due to the presence of the bubbles around the capillary. (2) where U is the time-average velocity, which is defined as (3) where T is the selected time period that U remains unchanged. In the analysis, T is selected about four periods of the fluctuation, as illustrated in Fig. 9 . (4) where L air-plug and L water-slug are the lengths of the air plug and the liquid slug in the images. For the air/water system, when the flow rate of DI water increases from 0.6 ml/min to 0.9 ml/min, the volume fraction of air decreases from 0.42 to 0.32. 
Upstream velocity fluctuation caused by the breakup of compound pendant drops
Size distribution of the compound drops
The size of the compound drops produced by the breakup of CPDs depends on two breakup events, (i) the generation of bubbles in the flow focusing geometry in the microchannel, and (ii) the breakup of CPDs at the tip of the glass capillary. In the microchannel, the flow focusing geometry has the capability to produce monodisperse bubbles when working in the squeezing or dripping regimes [37, 38] , during which the capillary number is low. When the capillary number is sufficiently high, breakup of bubbles happens in the jetting regime, during which the bubbles become poly-disperse.
The second breakup event, the breakup at the capillary tip, may occur in the dripping or jetting regimes depending on the Weber number We, which characterizes the relative effect between the inertial force and the surface tension force. Dripping of drops at the capillary tip happens when the Weber number We is small. In the dripping regime, the drops produced at the capillary tip are monodisperse. Therefore, the system used in this study has the potential to produce monodisperse compound drops when (i) the breakup of bubbles at the flow focusing geometry is in the squeezing or the dripping regime, and (ii) the breakup of CPDs at the capillary tip is in the dripping regime.
To characterize the size distribution of the compound drops produced by breakup of the CPDs, the sizes of the compound drops were measured from the high speed images using a customized MATLAB program, i.e., A pixel, the area of the compound drops in images by pixel. The histogram of A pixel was plotted in Fig. 12a 
Conclusions
In this study, we investigated the formation and breakup of compound pendant drops. Four typical stages for the air/water system have been identified: (1) initialization of a small compound pendant drop, (2) Tables   Table 1 Properties of the fluids at 20°C. 
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